Juvenile hormone (JH) is a sesquiterpenoid hormone that regulates growth and development in insects. Since JH is a hormone specific to insects and other arthropods, compounds disrupting JH action in insects are expected to be ideal insecticides with low toxicity to non-target organisms. Many natural or synthetic analogs with JH-like or anti-JH activity have been identified, and some potent JH mimics have been used as insecticides. Recent studies on the enzymes in JH biosynthetic and metabolic pathways should be helpful for the discovery of more potent analogs and for the establishment of new means of pest management using recombinant DNA technology. © Pesticide Science Society of Japan Keywords: juvenile hormone (JH), insect metamorphosis, insect growth regulators, biosynthesis and metabolism of JH.
Introduction
The growth and development of insects are regulated by hormones including peptide hormones, the molting hormone ecdysone and the juvenile hormone (JH). 1) When insects reach the appropriate size known as the critical weight, prothoracicotropic hormone (PTTH) is released from the brain and stimulates the secretion of ecdysone from the prothoracic gland, which triggers molting. 1) The mechanism that controls PTTH secretion differs among insect species. In hemipteran insects such as the blood sucking bug Rhodnius prolixus and the milkweed bug Oncopeltus fasciatus, the stretching of the abdomen after taking of a meal is apparently the signal for PTTH secretion and the subsequent molting. [2] [3] [4] [5] [6] Recent studies in the fruitfly Drosophila melanogaster showed that the prothoracic gland itself is the size-assessing tissue by using insulin-dependent cell growth to determine when the critical weight for metamorphosis has been reached. [7] [8] [9] The biological and physiological aspects of JH have been studied in detail since its discovery by Wigglesworth. 10, 11) In the holometabolous tobacco hornworm Manduca sexta, for example, final instar larvae can start metamorphosis only in the absence of JH during a critical period. 12) If the JH in the hemolymph is eliminated at an earlier stage by experimentally removing the corpora allata, the endocrine organ that secretes JH into the hemolymph, these larvae start precocious metamorphosis. 12) Thus JH is considered to have status quo action in insect metamorphosis by controlling ecdysone-induced molts. A recent study disclosed a new aspect of JH action in metamorphosis; experimental removal of corpora allata in starved Manduca last instar larvae allows the formation of imaginal discs, even during severe starvation, suggesting that JH acting by itself can suppress disc morphogenesis and growth. 13) In addition to its role in molting and metamorphosis, JH is also involved in reproduction, both larval and adult diapause, and caste determination in social insects. 1) Since JH signaling is specific to insects and other arthropods and does not exist in vertebrates, it should be an ideal target for pest management with low toxicity to non-target organisms outside the Arthropoda. This article will focus on the chemical structure of insect JH and its biosynthetic and metabolic pathways as potential targets of pest management. In addition to several compounds that have already been identified as JH mimics and anti-JH compounds, the future direction of pest management using recombinant-DNA techniques will be described.
Structure of Juvenile Hormone
In 1967, the structure of JH I from the cecropia moth Hyalophora cecropia was first deduced as a sesquiterpenoid. 14, 15) To date, several forms of JH have been characterized from a chemical and physiological point of view (Fig.  1) . 12, 16) JH III has been found in most insect orders, while JH 0, JH I, JH II and 4-methyl-JH I are exclusive to Lepi-doptera. 17, 18) Higher Diptera such as D. melanogaster and the blowfly Calliphora vomitoria produce JH III bisepoxide. 19, 20) A small amount of methyl farnesoate, a precursor of JH III, was found in cockroach embryos and larvae. [20] [21] [22] Methyl farnesoate has also been identified in crustaceans 23) and is thought to have a JH-like action in female reproduction. 24) 12Ј-OH JH III identified from the corpora allata of the African locust Locusta migratoria migratorioides was reported to exhibit JH activity when a high dose of this compound was topically applied to Tenebrio pupae. 25, 26) 
Biosynthesis, Transport and Metabolism of Juvenile Hormone
In insects, JH is synthesized in the corpora allata via the mevalonate pathway (Fig. 2) . 27) The mevalonate pathway also exists in mammals and plants, and the early steps from acetylCoA to farnesyl diphosphate are conserved among these organisms. Importantly, insects and other arthropods do not synthesize cholesterol de novo but have to acquire it from dietary sources because they lack the genes encoding squalene synthase and other subsequent enzymes of the sterol branch. 28, 29) Another peculiarity of the mevalonate pathway in insects is the capacity to synthesize JH via the isoprenoid branch.
The genes encoding the enzymes in the mevalonate pathway from acetyl-CoA to farnesyl diphosphate have been identified in the genome of D. melanogaster and the malaria mosquito Anopheles gambiae, and in an EST library of the pine engraver Ips pini. 27) However, it has been difficult to identify the genes encoding enzymes from farnesyl diphosphate to JH because of the lack of vertebrate homologs. The route from farnesyl diphosphate to JH is specific to arthropods, and importantly, the final step from the JH precursor to JH is specific to insects. Therefore, it should be an ideal target of pest management. Recently, two enzymes in the final step of JH biosynthesis, JH acid methyltransferase and the JH epoxidase (CYP15A1), were cloned. 30, 31) No structural data on farnesyl diphosphate pyrophosphatase, farnesol oxidase and farnesal dehydrogenase are yet available.
Upon the release from the corpora allata, JH binds to a specific protein in the hemolymph called the JH binding protein (JHBP). 12, 32, 33) The major functions of JHBP that have been hypothesized are to transport JH in the hemolymph, to protect JH from the degradation by hemolymph enzymes, and to facilitate JH recognition and uptake by target cells. Three classes of hemolymph JHBP-(1) low-molecular-weight JHBP, (2) high-molecular-weight JHBP (lipophorins) and (3) high-molecular-weight hexameric JHBP 34) -have been characterized in different insect groups. 33, 35) The JH-binding site in the low-molecular-weight JHBP was mapped using a photoaffinity analog of JH II, 36) but the analysis of the three-dimensional structure of JHBP is still in progress. 37) So far, two definitive pathways have been described for the metabolic degradation of JH: hydration of the epoxide moiety by epoxide hydrolases and hydrolysis of the methyl ester moiety by soluble esterases. 35, [38] [39] [40] JH epoxide hydrolase (JHEH) was purified and characterized from the eggs of M. sexta, 41) and the cDNA has been cloned from lepidopteran species [42] [43] [44] and the cat flea Ctenocephalides felis. 45) Most of the research on JH metabolism has focused on JH esterases (JHE). 33, 35) The cDNA for JHE has been isolated and characterized from several insect orders including Lepidoptera, [46] [47] [48] [49] Coleoptera 50) and Diptera. 51, 52) The interaction mode of JHE with its substrate has been predicted using homology-based molecular modeling techniques. 53) The physiological significance of JHE in the regulation of JH titer has also been studied in detail. 33, 35) The molecular mechanism of JH action is not clear. Although many biochemical and genetic studies have been done, the JH receptor has not been identified. 35) Ultraspiracle (USP), a heterodimeric partner of ecdysone receptor (EcR), is one candidate for the JH receptor, 54) although its binding affinity is relatively low (K d ϭϳ500 nM). Another candidate is the methoprene-tolerant (Met) gene in Drosophila. Met was originally identified as an allele responsible for the resistance to a JH mimic methoprene (Fig. 3) . 55, 56) Recently Met protein was reported to bind to JH III with high affinity (K d ϭ5.3 nM), suggesting that Met may function as a JH-dependent transcription factor. 57) Importantly, protein kinase C-mediated phosphorylation of nuclear proteins has been found to decrease their binding to the putative JH-responsive element in the promoters of two JH-responsive genes, jhp21 in the locust 58) and JHE in the spruce budworm Choristoneura fumiferana. 59) The signaling pathway of JH is unknown yet, but the expression of some ecdysone-regulated early genes such as broad and E75 is modulated by JH in both D. melanogaster and M. sexta. [60] [61] [62] [63] [64] [65] [66] Further studies are necessary to elucidate the role of these genes in the JH signaling pathway.
Juvenile Hormone Mimics

Natural and synthetic JH mimics as insect growth regulators
In 1966, it was reported that larvae of the hemipteran bug Pyrrhocoris apterus were extraordinarily sensitive to juvabione (Fig. 3) , a compound found in American paper products derived from the balsam fir. [67] [68] [69] Among the Hemiptera, only the Pyrrhocoridae are highly sensitive to juvabione, but it has a weak juvenilizing effect in the Tenebrio pupal bioassay 69) although no activity in the lepidopteran pupal bioassay. 67) Moreover, Bowers and Nishida isolated juvocimenes (Fig. 3 ) from the sweet basil Ocimum basilicum and reported that these compounds have JH activity against O. fasciatus. 70) These findings raised the hopes that JH-active compounds could be specific pesticides that disrupt the endocrine system of insects. 71) Considerable effort has been made to develop natural or synthetic JH analogs that are stable in the environment and resistant to metabolism. Several JH analogs such as methoprene (Zoecon), 72) fenoxycarb (Roche/Maag), 73, 74) diofenolan (Ciba Geigy) 75) and pyriproxyfen (Sumitomo Chemical Co.) [76] [77] [78] have been synthesized and are commercially available as insect growth regulators (IGRs) (Fig. 3) . 79, 80) Many other analogs of varying chemical structure have been found to act as JH mimics on one or several different insect species. 81, 82) These JH analogs are very effective in disrupting both insect embryonic development 82, 83) and metamorphosis. 80, 82) They also affect caste differentiation in social insects. 79) Some of these JH mimics are toxic to aquatic insects such as the dragonfly and the back swimmer 79) and to crustaceans such as shrimp, crabs and lobsters 84, 85) and disrupt sex determination of the crustacean Daphnia magna. 80, 86) Therefore, it is essential that the effects and toxicity of these JH mimics to non-target organisms in the ecosystem be carefully considered when devising a control strategy for a particular pest insect.
Inhibitors of metabolic enzymes
To elucidate the active site of JHE, potent inhibitors of JHE including phosphoramidothiolate-type and trifluoromethylketone (TFK)-type transition state analogs were synthesized. [87] [88] [89] [90] [91] [92] [93] Several of these inhibitors including O-ethyl-Sphenyl phosphoramidothiolate (EPPAT) and 1-octyl[1-(3,3,3 trifluoropropan-2,2-dihydroxy)]sulfone (OTFPdOH-sulfone, Fig. 3) proved to delay the metamorphosis of lepidopteran larvae, resulting in giant larvae. 91, 94) The geometry of the active form of the TFK analogs required for esterase inhibition was unclear, but recent structure-activity relationship (SAR) studies indicated that these inhibitors work through the ketone as the active form rather than through the hydrated gem-diol. 95) The recent elucidation of the crystal structure of M. sexta JHE bound to 3-octylthio-1,1,1-trifluoropropan-2-one (OTFP) indicates that JHE has a long hydrophobic binding pocket with the three amino acids essential for enzymatic activity at the blind end which allows accessibility to the lipophilic JH molecule but not to the solvent. 96) These studies also suggested that JH interacts with the aromatic group to help align it on the enzyme. Such studies are critical for the development of novel and more potent JHE inhibitors.
The epoxide hydrolase (EH) that converts JH to the JH-diol is the other metabolic enzyme that has been targeted for inactivation. Glycidol-ester and epoxy-ester analogs of methyl 10,11-epoxy-11-methyldodecanoate (MEMD) are potent inhibitors of the JHEH, but they may not be specific to insects. 97) Recently, amide-, urea-and carbamate-type analogs have been reported as potential EH inhibitors in mammals, 98, 99) and some potent analogs inhibited JHEH activity in vitro. 100) Interestingly, most of the inhibitors of the mammalian EHs are not effective on insect JHEH, 100) but converse studies of inhibitors for JHEH that do not act on the mammalian enzyme have not been reported.
None of these inhibitors of JH metabolic enzymes has been used as IGRs. If an inhibitor was found that was specific to the insect JH metabolic enzyme and that did not inhibit the vertebrate enzyme equivalent, it could be useful to delay or prevent metamorphosis of insects that are pestiferous as adults such as mosquitoes or biting flies. Just as for the JH mimic IGRs, such inhibitors would not be useful for control of lepidopteran, coleopteran and other insect pests that do damage as larvae.
Anti-Juvenile Hormones
Discovery of precocenes
Many researchers have been searching for an effective way to stop JH secretion prematurely in order to disrupt insect development for pest management purpose. When the larvae of O. fasciatus were exposed to an extract of the common ornamental bedding plant Ageratum houstonianum, they metamorphosed prematurely into miniature adults with small wings. [101] [102] [103] Bowers identified these compounds and named them as precocenes I and II (Fig. 4) . 101, 104) Precocenes proved to inhibit JH biosynthesis and secretion in O. fasciatus and several hemimetabolous species because of their cytotoxic effect to cells of corpora allata. 104, 105) Precocenes have little effect on the metamorphosis of holometabolous insects, except these compounds affect the oocyte development in Drosophila 106) and cause precocious adult development in Spodoptera. 107, 108) Attempts have been made to increase the potency and enlarge the spectrum of the natural precocenes, but have not been very successful. 108) Precocenes are used extensively in experimental purposes to study JH action in insect development and reproduction, but they have not been used for pest control.
Inhibitors of biosynthetic enzymes
Several inhibitors for the enzymes in JH biosynthetic pathway have been reported, of which the majority target early steps in the JH biosynthetic pathway. The fungal metabolite compactin (ML-236B, Fig. 4 ), which is a potent inhibitor of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase in vertebrates in vitro, 109, 110) also inhibits insect JH biosynthesis in vitro. 111, 112) Repeated injections of compactin caused precocious formation of pupal cuticle in lepidopteran larvae. 111, 113) Fluoromevalonate (FMev, Fig. 4) , previously known for its hypocholesterolemic activity in mammals, was found to act as an anti-JH in Lepidoptera and cause precocious metamorphosis.
114) FMev acts on one or more synthetic step(s) just after HMG-CoA reductase involvement. 114) Kuwano and coworkers discovered several 1,5-disubstituted imidazole derivatives with anti-JH activity to the silkworm Bombyx mori. 115, 116) The most active compounds are KK-22, KK-42 and KK-98. [116] [117] [118] Apparently these imidazole derivatives inhibit some of the oxidation steps in JH biosynthesis. 108, 119) KK-42 (Fig. 4) has been reported to inhibit ecdysone biosynthesis in the prothoracic gland 120) as well as to induce precocious expression of JHE mRNA in the fat body, 49) suggesting that these imidazole derivatives have several modes of action. So far, analog synthesis of these inhibitors of the early steps of JH biosynthesis has been unsuccessful.
Ethyl 4-[2-(tert-butylcarbonyloxy)butoxy]benzoate (ETB, Fig. 4 ) has been reported to show a combination of JH agonistic and antagonistic activities depending on the dose. 108, 121) This compound has anti-JH activity in lepidopteran species such as M. sexta and B. mori resulting in precocious metamorphosis. [122] [123] [124] In the epidermis cultured in vitro, ETB acts as a partial antagonist of JH action at low concentrations but as a JH mimic at concentrations above 100 ng/ml. 123) In the corpora allata cultured in vitro, ETB apparently inhibits an early step in JH biosynthesis since its inhibitory effect can be overcome by addition of farnesoic acid. 125) There has been no published further work with ETB, hence its mechanism of action remains an enigma.
Piperonyl butoxide (PB, Fig. 4 ), an inhibitor of oxidative degradation of xenobiotics, which is used as a pesticide synergist, inhibits JH biosynthesis. 122, 125, 126) Its target is likely either or both the epoxidase and the methyl transferase catalyzing the final steps in JH biosynthesis from farnesoic acid to JH. 122, 125) No other compound has been identified as an inhibitor of the terminal step of JH biosynthetic pathway. Since the terminal epoxidation step of JH biosynthetic pathway is specific to insects, inhibitors for this step would be excellent pesticides. With the recent cloning of these late genes in the JH biosynthetic pathway, JH acid methyltransferase and JH epoxidase (CYP15A1), 30, 31) it should become easier to screen a large number of compounds using recombinant enzymes and to design potent inhibitors using three-dimensional molecular modeling techniques.
Antagonists at the target tissue level
A true anti-JH should act at the level of the target tissue, either interfering with the reception of JH or with the downstream pathway mediated by this receptor. As discussed above in Section 2, the nature of the JH receptor remains elusive. The morphogenetic action of JH in which it prevents the switching actions of ecdysone that are necessary for metamorphosis but does not prevent those actions of ecdysone that lead to the formation of a new cuticle during the molt may be mediated by a different receptor and signaling system from the inductive action of JH by itself in stimulation of expression of a particular gene such as JHE or jhp21 (see Section 2 above). Once the JH receptor(s) and their signaling pathways are understood, the biorational design of anti-JHs can begin in earnest.
Potential Use of Recombinant DNA Techniques
In 1990, Philpott and Hammock showed that the injection of JHE protein into M. sexta larvae caused a reduction of the JH titer in the hemolymph. 127) Later it was shown that overexpression of JHE in Lepidoptera either by the infection of a baculovirus vector carrying a JHE sequence or by the germline transformation of JHE gene could also cause a decrease in the JH titer, resulting in precocious metamorphosis. 128, 129) Baculoviruses, highly selective DNA viruses for lepidopteran pest insects, have been genetically modified to accelerate the speed to kill host insects, and the expression of genes coding JHE and various peptide neurotoxins has been reported as a potential biological insecticide. 130, 131) Recombinant Sindbis viruses also have proved to be effective as an ectopic-gene expressing system in insects, especially in mosquitoes 132) and in lepidopteran imaginal discs. 133, 134) These virus-mediated transgenic systems can be used only for limited species because of their host specificity.
In addition to gene overexpression, knockdown of expression of a gene with RNA interference (RNAi) technology could be disruptive to the endocrine system or the action of the developmental hormones. In some species such as Drosophila, only germline transformation with RNAi constructs has been successful. 135) In others such as mosquitoes, 136) the milkweed bug O. fasciatus 137) and the red flour beetle Tribolium castaneum, 138) the double-stranded RNA (dsRNA) can be injected at one or several developmental stages. So far dsRNA technology has not been very successful in intact Lepidoptera unless a virus such as baculovirus or Sindbis virus is used to deliver it to the target tissues. 134, 139) Most of the RNAi studies so far in insects other than Drosophila target immune function 136) and pattern formation. 137, 138) When JHE expression was suppressed in final instar larvae of the tabocco budworm Heliothis virescens by a recombinant baculovirus expressing JHE antisense RNA, only about 25% of the animals showed abnormal larval-pupal intermediates, indicating that it was not too effective. 139) Knockdown of the expression of broad, a transcription factor directly induced by ecdysone at the time of metamorphosis in holometabolous insects, by Sindbis virus-mediated RNAi prevented normal metamorphosis of the pupal wings, legs, and antennae in B. mori, but had no effect on the metamorphosis of the polymorphic epidermis of the abdomen and dorsal thorax which apparently was not infected by the virus. 134 ) Similar direct injection of broad RNAi in Oncopeltus nymphs prevented the normal nymphal progression in wing growth and body pigment patterns, 140) indicating that this gene, which comes on in the late embryo of these hemimetabolous insects, is necessary for the progressive morphogenesis that normally occurs at nymphal molts. Clearly, more basic studies are needed to develop effective means of use of RNAi in pest lepidopteran insects followed by use of this technology to explore novel approaches to interference with neuroendocrine physiology.
Recombinant DNA approaches to insect control using endocrine manipulations will meet with the same public resistance as have genetically modified crops for both human and animal consumption. In addition, if delivery is via genetically modified baculovirus, there will be additional concern about the safety of the virus. 130, 131) Therefore, public education about the benefits of these new approaches is essential so that they can be included as methods in integrated pest management in the future.
